Therapies inhibiting receptor tyrosine kinases (RTKs) are effective against some human cancers when they lead to simultaneous downregulation of PI3K/AKT and MEK/ERK signaling. However, mutant KRAS has the capacity to directly activate ERK and PI3K signaling, and this is thought to underlie the resistance of KRAS mutant cancers to RTK inhibitors. Here, we have elucidated the molecular regulation of both the PI3K/AKT and MEK/ERK signaling pathways in KRAS mutant colorectal cancer cells and identified combination therapies that lead to robust cancer cell apoptosis. KRAS knockdown using shRNA suppressed ERK signaling in all of the human KRAS mutant colorectal cancer cell lines examined. However, no decrease, and actually a modest increase, in AKT phosphorylation was often seen. By performing PI3K immunoprecipitations, we determined that RTKs, often IGF-IR, regulated PI3K signaling in the KRAS mutant cell lines. This conclusion was also supported by the observation that specific RTK inhibition led to marked suppression of PI3K signaling and biochemical assessment of patient specimens. Interestingly, combination of RTK and MEK inhibitors led to concomitant inhibition of PI3K and MEK signaling, marked growth suppression, and robust apoptosis of human KRAS mutant colorectal cancer cell lines in vitro and upon xenografting in mice. These findings provide a framework for utilizing RTK inhibitors in the treatment of KRAS mutant colorectal cancers.
Introduction
Metastatic colorectal cancer remains largely incurable, and newer, targeted therapies have had only a modest impact on this disease. Colorectal cancers can be classified according to their major somatic genetic abnormalities, and each subtype will likely benefit from tailored targeted therapy approaches. Examples of highly effective targeted therapies in other advanced solid malignancies based on genotype are emerging. Some successful examples of effective therapies targeting receptor tyrosine kinases include EGFR tyrosine kinase inhibitors (TKIs) for EGFR mutant lung cancers (1-3), ALK inhibitors for EML4-ALK translocated cancers (4-7), HER2 inhibitors for HER2-amplified cancers (8) (9) (10) , and imatinib for KIT and PDGFR mutant gastrointestinal stromal tumors (11) . In each of these paradigms, inhibition of the corresponding tyrosine kinase invariably leads to concomitant downregulation of the PI3K/AKT and MEK/ERK signaling pathways. In fact, direct simultaneous inhibition of these pathways has been shown to be sufficient to recapitulate the effects of the TKI in vitro and in vivo (9) . Thus, the downregulation of these pathways may underlie much of the therapeutic value of the TKIs.
In colorectal cancer, monoclonal antibodies against EGFR, such as cetuximab, are widely used. Although this antibody has activity in KRAS WT colorectal cancers, it provides no benefit to patients whose cancers are KRAS mutant (12) (13) (14) (15) (16) (17) (18) . Thus, there is a clear need to establish treatment strategies for KRAS mutant cancers, as they have proven largely resistant to all targeted therapies to date (19, 20) . Since KRAS can directly activate the MEK/ERK and PI3K/AKT signaling pathways by direct binding to RAF proteins and the PI3K subunit p110, respectively (19, (21) (22) (23) (24) , it has been postulated that therapies targeting receptor tyrosine kinases will generally fail to downregulate these pathways in KRAS mutant cancers and will therefore be ineffectual. However, simultaneous downregulation of MEK/ERK and PI3K/AKT may have potential therapeutic value in KRAS mutant cancers. Recent work by several laboratories including ours has shown that direct concomitant downregulation of PI3K and MEK induces impressive regressions of KRAS mutant cancers in vivo (25) (26) (27) (28) .
Since it has been difficult to identify drugs that specifically disrupt KRAS function, it remains unknown whether there are any therapeutic strategies that can simultaneously suppress both pathways other than combining PI3K and MEK pathway inhibitors. As the PI3K and MEK pathways are integral components of many cellular processes, it also remains unknown whether patients will tolerate simultaneous, complete inhibition of both pathways. Indeed, it is quite possible that toxicities may compromise the efficacy of this approach. In addition, recent data suggest that activation of other tyrosine kinase cascades may potentially be associated with resistance to combined PI3K and MEK inhibition (29) . Therefore, alternative therapeutic strategies, perhaps those targeting receptor tyrosine kinases (RTKs), that indirectly suppress one or both pathways may prove both effective and more tolerable. Herein, we have conducted studies to elucidate the molecular regulation of the PI3K/AKT and MEK/ERK pathways in KRAS mutant cancers. Our findings have led to insights into the specific regulation of these pathways in colorectal cancers and suggest genotype-direct-ed therapeutic approaches that may effectively suppress these pathways in KRAS mutant colorectal cancers.
Results

Regulation of ERK and PI3K in KRAS mutant colorectal cancers. It has
been hypothesized that since activated KRAS directly binds to RAF proteins and the PI3K subunit p110, the mutant form of KRAS leads to constitutive activation of both the MEK/ERK and PI3K/ AKT pathways, accounting for the resistance of KRAS mutant tumors to TKIs (23, 30) . Although many elegant studies in other model systems have demonstrated that RAS can bind PI3K and that PI3K is critical in KRAS-induced transformation (25, (31) (32) (33) , the molecular mechanism of PI3K regulation in established KRAS mutant colorectal cancers has not been directly investigated. Thus, to determine whether KRAS constitutively activates both MEK and PI3K signaling in established colorectal cancers, we used RNA interference targeting KRAS using two independent KRAS shRNAs. As anticipated, ERK phosphorylation was suppressed by KRAS knockdown in the KRAS mutant cancer cell lines SW620 and SW837, but not the control KRAS WT cell line CoCM-1 ( Figure 1A) . However, to our surprise, knockdown of KRAS in mutant cancers did not suppress AKT phosphorylation. These experiments were performed in an additional 8 independent KRAS mutant colorectal cancer cell lines (total of 10), of which 6 had concurrent PIK3CA mutations. The specific mutations harbored in each cell line are shown in Table 1 . As summarized in Figure 1B , ERK phosphorylation was suppressed in the KRAS mutant cancers, but AKT phosphorylation did not decrease, and in some cases appears to have increased modestly, upon KRAS knockdown (for raw data on Western blots, see Figure 1A and Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI57909DS1).
We also evaluated the effect of KRAS knockdown in KRAS WT cancers ( Figure 1A and Supplemental Figure 1B) . In contrast to the KRAS mutant cancers, knockdown of KRAS did not suppress ERK signaling in these cells ( Figure 1C ). In the KRAS WT cancers, suppression of EGFR signaling by gefitinib or cetuximab suppressed ERK phosphorylation, but those treatments had no effect in KRAS mutant cancers (Figure 1 , D and E, and Supplemental Figures 2  and 3 ). Of note, in a few KRAS mutant cancers, EGFR inhibition led to a modest suppression of ERK phosphorylation. In these cell lines, knockdown of KRAS still had a more profound impact on ERK phosphorylation than EGFR inhibition (Supplemental Figure 4) . In total, these results confirm that the regulation of ERK signaling is different in KRAS WT and mutant cancers.
In the KRAS mutant cancers, we had expected that PI3K/AKT signaling would decrease with KRAS knockdown and thus were concerned that the studies evaluating the role of KRAS in regulating PI3K signaling could be affected by the presence of serum and its potential to activate PI3K. Thus, we also determined whether KRAS knockdown affected PI3K/AKT signaling in KRAS mutant cancers in the absence of serum. For these experiments, we employed doxycycline-inducible shRNA targeting KRAS. This enabled more acute KRAS knockdown in the presence or absence of serum. As shown in Figure 1F , KRAS knockdown led to a loss of ERK phosphorylation, but not AKT phosphorylation, in both low and normal serum conditions. For exclusion of off-target effects of the shRNA targeting KRAS, KRAS expression was rescued by mutant KRAS (G12V) cDNA refractory to silencing. As shown in Supplemental Figure 5 , restoration of KRAS blocked the suppression of ERK phosphorylation induced by the KRAS shRNA, and it even abrogated the modest induction of AKT phosphorylation in the SW620 and HCT-116 cells with low serum. Thus, the impact of KRAS shRNA on ERK and AKT phosphorylation appears to be on-target and due to the loss of KRAS protein.
To further explore whether mutant KRAS activates PI3K, we used a transgenic model of lung cancer driven by the tetracycline-inducible mutant KRAS (34) . In this model, lung tumors are induced by expression of a mutant KRAS, and removal of doxycycline leads to loss of expression of mutant KRAS and tumor regressions (25) . We found that withdrawal of doxycycline led to suppression of ERK phosphorylation, but did not suppress PI3K signaling (Supplemental Figure 6 , A and B), further substantiating the notion that mutant KRAS is dispensable for PI3K activation in KRAS mutant cancers.
It was initially unexpected that knockdown of KRAS modestly increases AKT phosphorylation in some of the cell lines. Since KRAS knockdown suppressed both ERK and S6 phosphorylation (Figure 2A ), we hypothesized that this increase in AKT phosphorylation in the SW620 cells may be due to the de-repression of the well-established feedback inhibition exerted by TORC1 on PI3K activation (35) . Indeed, we observed that MEK/ERK regulates TORC1 in these cells and other KRAS mutant colorectal cell lines ( Figure 2B and Supplemental Figure 7) . Indeed, treatment with the MEK inhibitor led to an increased association between PI3K and IRS proteins ( Figure 2C ) and increased insulin-like growth factor I receptor (IGF-IR) phosphorylation ( Figure 2D ), consistent with the classical feedback regulation by TORC1. Concomitant treatment with an IGF-IR/insulin receptor (IR) inhibitor, NVP-AEW541, blocked the activation of AKT induced by MEK inhibition ( Figure 2D ). Accordingly, knockdown of KRAS (which suppressed ERK phosphorylation; Figure 2A ) also induced an interaction between PI3K and IRS proteins ( Figure 2C ). These data suggest that this feedback ( Figure 2E ) might account for the modest increase in PI3K/AKT signaling following MEK inhibition. The results together indicate that KRAS appears to be a dominant regulator of MEK/ERK signaling, but not of PI3K/AKT signaling, in KRAS mutant colorectal cancers.
Since these results suggested that suppression of mutant KRAS is not sufficient to downregulate PI3K/AKT signaling, a better understanding of how PI3K/AKT signaling is activated in KRAS mutant colorectal cancers may suggest potential strategies to downregulate PI3K/AKT signaling in these cancers. Thus, we aimed to determine how PI3K is activated in established KRAS mutant cancers using a biochemical approach that takes advantage of the molecular mechanism of PI3K activation in many cancers. The regulatory subunit (p85) of class I A PI3K has two SH2 domains that engage phosphotyrosine proteins, such as RTKs or adaptors. This binding activates PI3K by recruiting it to the membrane, where its substrate resides, and by relieving a tonic intermolecular inhibition exerted by p85 onto p110 (36, 37) . By immunoprecipitating p85, one can identify the phosphotyrosine proteins that are directly binding and activating PI3K. We have utilized this approach to identify how PI3K is activated in a number of cancer paradigms (38) (39) (40) .
In the KRAS mutant cancers, we observed that IRS proteins coprecipitated with PI3K in the SW837 (KRAS mutant) and HCT-116 (KRAS and PIK3CA double mutant) cells ( Figure 3A ). In these cells, these complexes were disrupted by a small molecule IGF-IR kinase inhibitor (NVP-AEW541), but not by an EGFR inhibitor (gefitinib), and accordingly, NVP-AEW541 led to loss of AKT phosphorylation. In LoVo cells, ERBB3 (~240 kDa) and growth factor receptor-bound protein 2 (GRB2)-associated binder 1 (Gab1) coimmunoprecipitated with p85. We previously observed these adaptors coprecipitating with PI3K in cancers that have MET-dependent activation of PI3K (39) . Indeed, PHA-665752, a MET TKI, but not gefitinib or NVP-AEW541, disrupted both interactions and led to loss of AKT phosphorylation in these KRAS mutant cells ( Figure  3A ). These results are consistent with a previous report noting that
LoVo cells have defective processing of the MET precursor resulting in its constitutive activation (41) . Of the ten KRAS mutant cell lines examined, we found p85/IRS-1 or p85/IRS-2 complexes in 9 cell lines (data not shown). NVP-AEW541 has previously been shown to be highly specific for IGF-IR (42) . Consistent with this notion, we observed that a humanized monoclonal anti-IGF-IR antibody, R1507 (43), downregulated IGF-IR and recapitulated the effects of NVP-AEW541 on AKT phosphorylation in low or normal serum ( Figure 3B ). Moreover, siRNA targeting IGF-IR, but not EGFR or MET, led to suppression of AKT phosphorylation in the SW837 cells ( Figure 3C ). MET siRNA led to suppression of AKT phosphorylation in the LoVo cells ( Figure 3C ). In contrast to the findings that neither KRAS knockdown nor EGFR inhibition suppressed AKT phosphorylation, inhibition of the RTK identified by PI3K immunoprecipitations effectively led to marked suppression of AKT phosphorylation in all of the KRAS mutant cancer cell lines ( Figure 3D ; individual Western blots are shown in Figure 3A , Figure  4A , Supplemental Figure 2 , and Supplemental Figure 8A ). Of note, although targeting RTKs effectively suppressed AKT phosphorylation in all of the KRAS mutant cancers, suppression of AKT phosphorylation was less impressive in 2 of the 6 KRAS/PIK3CA mutant cell lines, which might suggest that some cancers with concomitant PIK3CA mutations may be less susceptible to this approach. In total, these studies suggest that while ERK activation is primarily regulated by mutant KRAS, the PI3K/AKT pathway requires RTKinduced activation in KRAS mutant colorectal cancers, pointing to new potential therapeutic strategies.
Figure 2
The increase in p-AKT induced by KRAS knockdown is consistent with loss of feedback inhibition from TORC1. Combination strategies that suppress PI3K/AKT and MEK/ERK signaling induce cell death. One overall therapeutic strategy for colorectal cancers centers on simultaneously downregulating PI3K/AKT and MEK/ERK signaling. In KRAS mutant cancers, we had found that KRAS is an important activator of the ERK pathway and that RTKs are dominant regulators of the PI3K pathway. Therefore, we determined whether combined treatment with an RTK and MEK inhibitors would simultaneously suppress the PI3K/AKT and MEK/ERK signaling pathways. Indeed, treatment with a MEK inhibitor and IGF-IR inhibitor (or MET inhibitor in LoVo cells) led to a simultaneous marked loss of AKT and ERK phosphorylation ( Figure 4A and Supplemental Figure 8A) . Accordingly, the com- Nine KRAS mutant cell lines were treated with 1 μM gefitinib, 10 μg/ml cetuximab, or 1 μM NVP-AEW541 for 6 hours. LoVo cells were treated with 1 μM PHA-665752 instead of the IGF-IR inhibitor. Cells were lysed, and phosphorylated and total AKT levels were determined (raw data for each cell line is shown in Figure 4A , Supplemental Figure 2 , and Supplemental Figure 8A ). The intensities of phosphorylated AKT (Ser473) and total AKT were quantified, and the amount of p-AKT relative to untreated cells is shown. p-AKT levels after KRAS knockdown are the same as in Figure 1B. bination of MEK and IGF-IR inhibitors more potently decreased cell viability compared with single-agent EGFR, MEK, and IGF-IR inhibitors as well as combined EGFR and IGF-IR inhibition (P < 0.01) ( Figure 4B and Supplemental Figure 9, A and B) . Of note, T84 cells were unique in that they required two RTK inhibitors in combination with a MEK inhibitor to downregulate both PI3K and MEK/ERK signaling (Supplemental Figure 8B) . As expected, the potency of the different therapeutic combinations correlated with their capacity to downregulate both PI3K/AKT and MEK/ ERK signaling (Supplemental Figure 10) .
Since induction of apoptosis may also be important for inducing tumor regressions (9, 44) , and the decrease in cell viability measured in the assays in Figure 4B may have been due to cytostatic and/or apoptotic effects, we wished to directly determine whether the combinations leading to simultaneous suppression of AKT and ERK phosphorylation led to more substantial apoptosis. Indeed, we found that the combination of a MEK inhibitor and an IGF-IR inhibitor induced a strong apoptotic response, as the single agents and the combination of IGF-IR inhibitor with cetuximab were far less effective ( Figure 4C) . Similarly, in the KRAS mutant LoVo cells (which demonstrated MET-dependent activation of PI3K; Figure 3 , A and C), the combination of the MET inhibitor PHA-665752 and AZD6244 induced remarkable growth inhibition and enhanced apoptosis (Supplemental Figure 9B) . Taken together, our results provide a rationale for combinatorial therapy with an RTK (most often IGF-IR) and MEK inhibitor for KRAS mutant colorectal cancers.
To determine whether appropriate RTK inhibition could suppress PI3K signaling in KRAS mutant cancers in vivo, the KRAS mutant cancer cell line SW837 was grown as xenograft tumors in mice. The tumor-bearing mice were treated with R1507 or vehicle for 11 days. As shown in Figure 5 , A and B, R1507 led to suppression of AKT phosphorylation by Western blot analysis and immunohistochemistry (IHC). Of note, the suppression of AKT phosphorylation was more dramatic by IHC than by Western blot, and this likely reflects the specific suppression of PI3K signaling in the tumor cells, and not the surrounding stroma. These data further support the finding that the PI3K/AKT pathway can be downregulated in KRAS mutant cancers by targeting of the appropriate RTK.
We next assessed whether the effect of combined PI3K/AKT and MEK/ERK signaling inhibition on cell proliferation and apoptosis observed in vitro would lead to greater therapeutic efficacy in vivo. Mice bearing SW837 tumor xenografts were treated with anti-IGF-IR antibody and MEK inhibitor, alone or in combination. Whereas inhibition of the MEK pathway alone via AZD6244 treatment slowed tumor growth, tumor regression was observed only with combination treatment ( Figure 5C and Supplemental Figure 11) .
PI3K immunoprecipitations from primary colorectal cancers. The above experiments were performed with cancer cell lines grown in vitro or as xenograft tumors. To determine whether there was evidence for the same regulation of PI3K in primary human cancers, we examined PI3K immunoprecipitations from resected human colorectal tumors. We detected IRS-1 associated with PI3K in all of 9 colorectal tumor samples, including 4 KRAS mutant and 1 BRAF mutant tumor ( Figure 6A and Supplemental Figure 12A ). We also identified interaction with ERBB3 in a subset of these cancers. We confirmed that IRS-1 was the major p-Tyr band running at approximately 160 kDa by immunoprecipitating IRS-1 with anti-IRS-1 antibodies prior to the p85 IP. As predicted, this resulted in loss of association with the major 160-kDa p-Tyr protein, but no change in association with ERBB3 ( Figure 6B and Supplemental Figure  12B ). We observed interactions between PI3K and IRS-1 in an additional 13 tumor samples, including 3 KRAS and three BRAF mutant cancers (Supplemental Figure 12C) . These studies confirm that the IRS proteins and ERBB3 are the major activators of PI3K in human colorectal cancers, and also suggest that PI3K is activated by RTKs to a similar extent in KRAS WT and mutant cancers. Importantly, these results confirm that the IGF-IR/IR signaling pathways are actively engaging the PI3K signaling pathway in KRAS mutant human colorectal cancers and RTK inhibitors may potently suppress PI3K signaling in patients as it does in laboratory models.
Discussion
Therapies targeting receptor tyrosine kinases have emerged as effective treatments for a subset of advanced cancers. In such cancers, inhibition of the corresponding tyrosine kinase results in loss of PI3K/AKT and MEK/ERK signaling. Moreover, direct downregulation of PI3K/AKT and MEK/ERK is sufficient to recapitulate the induction of apoptosis induced by EGFR or HER2 TKIs in EGFR mutant and HER2-amplified cancers, respectively (9) . This suggests that simultaneous loss of PI3K/AKT and MEK/ERK signaling may underlie many of the antitumor effects observed with tyrosine kinase inhibition. The presence of KRAS mutations is a well-validated biomarker for resistance to single-agent RTK inhibitors (12, 13, 30) , and it is widely hypothesized that this resistance is the result of mutant KRAS directly activating downstream signaling (14, 45) . Indeed, direct inhibition of MEK and PI3K has shown impressive activity in KRAS mutant cancers in vivo (25, 26) . However, since the MEK/ERK and PI3K/AKT pathways are essential to many normal cellular processes and in many cell types, it is possible that toxicity will ultimately limit simultaneous full suppression of both of these pathways in patients. Thus, we aimed to determine how PI3K/AKT and MEK/ERK was regulated in KRAS mutated cancers. To our surprise, we found that specific RTK inhibition led to potent suppression of PI3K signaling in these cancers.
This finding points to an opportunity to effectively use RTK inhibitors in the treatment of KRAS mutant colorectal cancers. Combinations utilizing specific RTK inhibitors may potentially lead to reduced toxicity. However, since IGF-IR is also utilized for several cellular processes, clinical experience will be needed to verify this notion. Importantly, there may be greater therapeutic value from targeting RTKs, since their inhibition may suppress other prosurvival pathways in addition to PI3K/AKT.
In this study, we observed that knockdown of KRAS did not suppress PI3K signaling, but RTK inhibition did. This was a bit unanticipated, since many studies (including our own) have shown that PI3K signaling is important in KRAS-induced transformation and
Figure 5
The combination of an anti-IGF-IR antibody and a MEK inhibitor induces tumor regressions in a KRAS mutant colorectal cancer in vivo. (A and B) Inhibition of IGF-IR suppresses PI3K/AKT signaling in SW837 tumor xenograft. SW837 KRAS mutant xenografts were treated with vehicle or R1507 for 11 days. The xenografts were assessed by Western blot analyses (A) and immunohistochemical analyses (B) with the indicated antibodies. Scale bar: 100 μM. (C) Xenograft tumors derived from the KRAS mutant SW837 colorectal cancer cells were developed. Once they achieved an average size of 400 mm 3 , the tumors were treated with the indicated drug regimens, and relative tumor volumes were plotted over time from the start of treatment (day 0) (mean ± SEM).
tumor maintenance (23, 25, 33, (46) (47) (48) . It should be noted that many of these groundbreaking studies have assessed the role of PI3K signaling in KRAS mutant cancers but do not specifically determine the molecular mechanism of PI3K activation and, in particular, the specific role of KRAS in directly activating PI3K signaling in established human cancer models. However, in an elegant study by Downward and colleagues, p110 was mutated so it could not bind KRAS, and this blocked mutant KRAS-induced lung tumorigenesis (33) . Those results suggested that direct binding of KRAS to p110 was critical for KRAS-induced tumorigenesis. In the current study, we also observed an important role for PI3K signaling in KRAS mutant cancers. We observed clear evidence that RTKs exert a more dominant role in the activation of PI3K signaling in established human KRAS mutant colorectal cancers. This is supported by a previous study that indicated that PI3K signaling in a KRAS mutant colorectal cancer cell line was highly responsive to exogenous insulin (49) . Therefore, we hypothesize that KRAS may directly activate PI3K to levels sufficient to permit cellular transformation during initial tumorigenesis induced by mutant KRAS, but RTK-mediated activation may have an important role in maintaining and boosting PI3K signaling in established cancers. Most importantly from a translational medicine perspective, the finding that RTK inhibition abrogates PI3K signaling in established cancers provides a rationale to use RTK inhibitors to suppress PI3K signaling in established KRAS mutant colorectal cancers. We observed that this approach had therapeutic value in vitro and in vivo. Indeed, the observation that IRS-1 and ERBB3 are the major phosphotyrosine proteins bound to PI3K in human colorectal cancers increases confidence that the findings in cell lines will hold true in actual cancers.
Our study focused primarily on how to suppress PI3K and MEK signaling pathways as a concept to treat KRAS mutant cancers, but clearly KRAS has other important effectors that contribute to tumorigenesis. These studies do not evaluate the contribution of other KRAS effectors, such as the Ral pathway, that have been shown to be important for both tumorigenesis and tumor maintenance (50, 51) . Indeed, suppression of PI3K and MEK may not be as highly effective for all KRAS mutant cancers. For example, we observed that one of the cell lines, SW620 KRAS mutant cancer, was effectively growth suppressed by combined IGF-IR/MEK inhibition, but did not undergo dramatic apoptosis (Supplemental Figure 13) . In fact, direct PI3K and MEK inhibition did not induce cell death in these cells (Supplemental Figure 13) , demonstrating that the success of targeting the PI3K/AKT and MEK/ERK pathways will not have uniform efficacy against all KRAS mutant colorectal cancers. Despite some of these potential limitations, this overall strategy is emerging as one of the most promising for this recalcitrant class of cancers. In fact, this approach may even have more therapeutic potential than directly targeting mutant KRAS in the subset of cancers that have lost sensitivity to KRAS loss (52) .
There are currently numerous approaches under investigation to identify strategies to treat cancers based on their genetics. In this study, we have devised strategies to effectively and simultaneously downregulate the PI3K/AKT and MEK/ERK pathways to kill cancer cells. Our findings point to clear therapeutic strategies. Our studies predict that a combination of MEK (or RAF) inhibitors and IGF-IR inhibitors will inhibit MEK/ERK and PI3K/AKT signaling in KRAS mutant cancers. Previous work by our laboratory and others has shown that IGF-IR inhibition may have a role in the treatment of several cancer types (40, 49, 53) . Indeed in the current study, we observed that this approach may also demonstrate efficacy in KRAS WT cancers, because PI3K signaling was suppressed by IGF-IR inhibition in some of these cancers as well. However, in many instances, both IGF-IR and EGFR contributed to PI3K signaling in these cancers (Supplemental Figure 14) . Indeed, the importance of EGFR signaling in KRAS WT cancers for the regulation of both ERK and PI3K signaling may limit that approach in those cancers, and in some cases we observed more marked effects from combined EGFR and IGF-IR inhibition than MEK and IGF-IR inhibition (e.g., Difi cells; Supplemental Figure 15 ).
The therapeutic approach currently being suggested for KRAS mutant cancers is obviously a simplification that does not account for the heterogeneity among KRAS mutant cancers. For example, as demonstrated by our studies on LoVo cells, this approach would not be effective for the rare KRAS mutant cancers with other genetic abnormalities, such as MET amplification and HER2 amplification. Should clinical trials assessing this combination be developed, it will also be important to determine whether cancers harboring activating mutations in both PIK3CA and KRAS are less sensitive to a combination of IGF-IR and MEK inhibitors, even though cell lines with these mutations were sensitive to this combination in laboratory short-term assays. Despite these limitations, we believe that this approach represents a promising initial genotype-directed strategy for the treatment of advanced KRAS mutant colorectal cancer. Survival assays. Assessment of cell viability was performed as follows. Cells were seeded in 96-well plates so that the control cells would reach approximately 80% confluency at the end of the assay. On the following the day, the cells were treated with increasing concentrations of the indicated drugs for 72 hours. Treatments with each concentration was performed 6 times (n = 6). Cell viability was determined using the Syto60 assay as previously described (9) . The data were graphically displayed using GraphPad Prism version 5.0 (GraphPad Software). IC50 was determined by a nonlinear regression model with a sigmoidal dose response in GraphPad.
Methods
Immunoprecipitation and immunoblotting. Lysates were prepared as previously described (38, 39) . Antibodies against p-Akt (Ser473 and Thr308), p-p42/44 MAP kinase (Thr202/Tyr204), p42/44 MAP kinase, p-S6 ribosomal protein (Ser235/236 and Ser240/244), S6 ribosomal protein, p-MET (Tyr1234/1235), MET (25H2), IRS-2, p-IGF-IRβ receptor (Tyr1135/1136), IGF-IRβ receptor, p-Tyr100, p-RSK (Ser380), and RSK were from Cell Signaling Technology. Antibodies against ERBB3, AKT, KRAS, and EGFR were purchased from Santa Cruz Biotechnology Inc. The phospho-specific EGFR (Tyr1068) antibody was from Abcam. The anti-IRS-1 and anti-p85 antibodies used for immunoprecipitations were from Millipore.
Western blot quantification. Western blot images were captured using GeneSnap image acquisition software and analyzed using GeneTools manual band quantification (Syngene).
Lentiviral shRNA experiments. shControl and shKRAS have been previously described (52) . The tetracycline-inducible shRNA vector used in this study was provided by Novartis (54) . The inducible shKRAS encodes the same sequence as shKRAS C. Lentiviral preparation and infections were performed as previously described (52) . shRNA transduced cell lines were grown in each medium supplemented with 5% Tet-approved FBS (Clontech) in the presence of 2 μg/ml puromycin. In the tetracycline-inducible system, expression of shRNA was induced by growing cells in the presence of 10 ng/ml doxycycline (Sigma-Aldrich).
siRNA knockdown. Cells were seeded into 6-well plates at a density of 1.5 × 10 5 cells/well. Twenty-four hours later, cells were transfected with ONTARGETplus SMARTpool siRNA against EGFR, IGF-IR, or MET (Dharmacon) or Silencer negative control #1 siRNA (Ambion) using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. Transfected cells were cultured at 37°C for 72 hours before analysis.
Apoptosis analysis. Cells were seeded at approximately 30%-40% confluence in 6-cm plates. After overnight incubation, media was aspirated and replaced with media with or without indicated drugs. After 72 hours, media was collected. Cells were washed with PBS and trypsinized. PBS wash and trypsinized cells were added to the collected media in a single tube. Cells were pelleted, washed once with PBS, and resuspended in Annexin binding buffer (BD) at approximately 1 × 10 6 cells/ml. Cells were stained with propidium iodide (BD) and Annexin V Cy5 (BioVision) according to the manufacturers' protocols and assayed on an LSR II flow cytometer (BD). All experiments were performed in triplicate. LoVo cells were stained with propidium iodide and were quantified for subG0/G1 population. For cell cycle analysis, cell were fixed in 70% ethanol, treated with propidium iodide (50 μg/ml) and RNase A (50 μg/ml), and subjected to FACS analysis. The subG0/G1 population was determined by Modfit LT version 3.0 (Verity Software House) (9) .
Xenograft mouse studies. For xenograft experiments, a suspension of 5 × 10 6 cells was injected subcutaneously into the left flank of 6- to 8-weekold male athymic nude mice. The mice were maintained in laminar air flow units under aseptic conditions, and the care and treatment of experimental animals were in accordance with institutional guidelines. Mice were randomized to 3 treatment groups (n = 5 per group) once the mean tumor volume reached approximately 400 mm 3 . AZD6244 was dissolved in 0.5% methylcellulose (Sigma-Aldrich) and 0.4% polysorbate (Tween 80; SigmaAldrich) and administered at 25 mg/kg b.i.d. by oral gavage. R1507 was diluted with PBS and administered at 18 mg/kg twice per week via i.p. injection. Tumors were measured twice weekly using calipers, and volume was calculated using the following formula: length × width 2 × 0.52. Mice were monitored daily for body weight and general condition. According to institutional guidelines, mice were sacrificed when their tumor volume reached 2,000 mm 3 or became excessively ulcerated. For pharmacodynamic analyses in SW837 xenografts, tumor-bearing mice (average volume, approximately 200 mm 3 ) were administered R1507 (36 mg/kg) or saline vehicle by i.p. injection every 3 days for 11 days (4 total injections). Mice were sacrificed 24 hours after the final treatment. Tumor tissue was excised and snap-frozen in liquid nitrogen for immunoblotting or fixed in formalin for immunohistochemical studies.
For the experiments with the genetically engineered mouse model of mutant KRAS-induced lung cancers, we utilized Tet-op-mutant Kras mice as described previously (25) . Tet-op-mutant KRAS mice were crossed with CCSP-rtTA mice. Double transgenic mice were administered a doxycycline diet (c11300-2000i, Research Diets) until tumors developed. The doxycycline was removed, and lungs were harvested 24 and 48 hours later.
IHC. Immunohistochemical analyses assessing p-AKT (473), p-ERK, and p-S6 were performed as previously described (25) .
Identification of KRAS, BRAF, and PIK3CA mutations in primary colorectal tumor. Primary human colorectal cancers were obtained from the Brigham and Women's Hospital's tissue bank after receipt of approval from the institutional IRB. The presence of mutations in KRAS (exon 2), BRAF (exon 15), and PIK3CA (exons 9 and 20) were determined by direct sequencing. Genomic DNA was harvested using the QIAGEN DNA extraction kit. Nested primer sets used for amplification of exon 2 of KRAS were (F) 5′-GAAT-GGTCCTGCACCAGTAA-3′ and (R) 5′-GTGTGACATGTTCTAATATAGT-CA-3′; (nested F) 5′-GTCCTGCACCAGTAATATGC-3′ and (nested R) 5′-ATGTTCTAATATAGTCACATTTTC-3′. Primers used for amplification of exon 15 of BRAF were (F) 5′-TCATAATGCTTGCTCTGATAGGA-3′ and (R) 5′-CTTTCTAGTAACTCAGCAGC-3′. Primers used for amplification of exon 9 of PIK3CA were (F) 5′-ATCATCTGTGAATCCAGA-3′ and (R) 5′-TTAGCACTTACCTGTGAC-3′. Primers used for amplification of exon 20 of PIK3CA were (F) 5′-TGACATTTGAGCAAAGACC-3′ and (R) 5′-GTGTG-GAATCCAGAGTGA-3′.
Statistics. The Mann-Whitney U test was used to compare KRAS WT and mutant cells with respect to the impact of cetuximab, gefitinib, or KRAS shRNA on signaling (Figure 1, C-E) . Two-tailed Student's t test was performed for Figure 1B , Figure 5C , and Supplemental Figure 10 . Differences with P values less than 0.05 were considered statistically different. Oneway ANOVA by ranks and Tukey's multiple comparison tests were used for testing equality of population medians among treated groups (Figure 3D, Figure 4B , and Supplemental Figure 14C) . In ANOVA analysis, a P value less than 0.01 was considered statistically significant. All statistical calculations were performed using NCSS software. Synergy was assessed by CalcuSyn software (Biosoft), using the Chou-Talalay method (55) .
Study approval. All animal procedures were approved by the Subcommittee on Research Animal Care at Massachusetts General Hospital.
